HSVs transit from vigorous replication at the portal of entry into the body to a latent state in sensory neurons in which only noncoding (e.g., latency-associated transcript) and micro-RNAs are expressed. In productive infection, viral genes must be sequentially derepressed at two checkpoints. A leading role in the repression of viral genes is carried out by histone deacetylase (HDAC)/corepressor element-1 silencing transcription factor (CoREST)/lysinespecific demethylase1(LSD1)/RE1-silencing transcription factor (REST) repressor complex (HCLR). Previously, we reported that to define the role of the components of the HCLR complex in the establishment of latency, we constructed recombinant virus (R112) carrying a dominant-negative REST that bound response elements in DNA but could not recruit repressive proteins. This recombinant virus was unable to establish latency. In the current studies, we constructed a virus (R111) carrying WT REST with a WT genome. We report the following findings: (a) R111 readily established latent infection in trigeminal ganglia; however, although the amounts of viral DNAs in latently infected neurons were similar to those of WT virus, the levels of latency-associated transcript and micro-RNAs were 50-to 100-fold lower; (b) R111 did not spontaneously reactivate in ganglionic organ cultures; however, viral genes were expressed if the synthesis of REST was blocked by cycloheximide; and (c) histone deacetylase inhibitors reactivated the WT parent but not the R111 recombinant virus. The results suggest that REST plays a transient role in the establishment of latency but not in reactivation and suggest the existence of at least two phases at both establishment and reactivation.
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NGF | protein synthesis T he primary objective of this report is to extend the studies on the role of repressor element-1 silencing transcription factor (REST), a component of the histone deacetylase (HDAC) 1 or 2/ CoREST/lysine-specific demethylase 1 (LSD1)/REST (HCLR) repressor complex, in the establishment of latent infection in sensory neurons by HSV-1 (1-3) To this end, we are reporting the results of comparisons of a WT HSV-1 and a mutant carrying within its WT DNA the gene encoding human REST with respect to their ability to establish latent infections and reactivate from latency. The background and our expectations in undertaking this study are as follows.
HSV-1 is transmitted by physical contact between infected and uninfected tissues. On entry into the body, or with the onset of replication and spread, the virus infects nerve endings and is transported to the nuclei of sensory or autonomic ganglia innervating that site. In mice and other animal model systems, the virus establishes latency in some neurons but multiplies in others (4) . Ultimately, in mice, after an interval of 4 wk, only latent virus can be detected in the peripheral ganglia (5) . Neurons harboring latent virus contain, in addition to viral DNA, a long noncoding transcript in the form of an unresolved lariat that is designated latency-associated transcript (LAT) (6) (7) (8) , micro-RNAs (miRNAs) (9) (10) (11) (12) (13) , and small RNAs (14) . The prevailing thought is that these viral gene products enable the maintenance of HSV in a latent state and, by extension, the viability of the neuron. The fundamental question is the identity of the mechanism by which a vigorously replicating virus, on entry into the body, is silenced in neurons harboring latent virus.
A clue into the suppression of viral DNA expression in ganglia emerged from a closer examination of the events in productively infected cells. In brief, in productively infected cells, viral gene expression results from sequential derepression of groups of viral genes at three checkpoints (5). Thus, VP16, a virion protein brought into the cells during infection, recruits several cellular proteins, including LSD1, to derepress α gene promoters. One α gene product, infected cell protein 0 (ICP0), derepresses β and γ 1 genes. Ultimately, the onset of viral DNA synthesis enables the expression of very late, or γ 2 , genes (4). To derepress β and γ genes, ICP0 performs two functions. First, it degrades in conjunction with the UbcH5A ubiquitin conjugating enzyme the promyelocytic leukemia protein (PML) and SP100 (15) , two components of ND10 nuclear bodies (16) . ICP0 also binds to CoREST, a component of the HCLR repressor complex, and dislodges HDACs from the CoREST/REST complex (17) (18) (19) . The significance of the latter function of ICP0 emerged from a study showing that a dominant-negative CoREST that retained the capacity to bind REST but was unable to bind HDACs complemented, in part, the replication of an ICP0 null mutant (20) .
Sequential transition of viral gene expression poses advantages to virus in that it makes available effectors, enzymes, and structural protein in an orderly fashion and in appropriate quantities (4) . The HCLR complex is a repressor of neuron-specific genes in nonneuronal cells (21) (22) (23) (24) (25) . REST has been reported to be present mainly in nonneuronal cells (21, 26) and, rarely, in neurons (27) (28) (29) . Its response element, RE1, although well-defined, is long and somewhat degenerate (30) (31) (32) (33) . Because HSV-1 must have evolved REST response elements in its DNA to be regulated by the HCLR complex, the question arose as to whether the potential subjugation of HSV-1 to the HCLR repressor complex conferred on HSV-1 an advantage in its transition from robust replication at the portal of entry to a dormant state in the neurons of peSignificance HSV expresses numerous functions to suppress the host and replicate at body orifices and yet establishes silent, latent infections in sensory neurons. One hypothesis that addresses the apparent contradiction is that peripheral ganglia serve as barriers to the spread of viruses via neurons in the CNS and that HSV usurps these functions to establish a latent state. This report examines the role of the corepressor element-1 silencing transcription factor (CoREST)/REST repressor complex in establishment of latency and reactivation. Mirroring earlier studies showing that expression of dominant-negative REST suppresses latency and increases virulence, a WT REST inserted into the viral genome enables latency but blocks reactivation. To whom correspondence should be addressed. E-mail: bernard.roizman@bsd.uchicago. edu.
ripheral ganglia. To test this hypothesis, we constructed a virus in which a mutated REST lacking its terminal repressor binding site and driven by the SV40 early promoter was inserted into the WT genome (1) . If the HCLR complex played a role in the establishment of latent virus, the defective dominant-negative REST would compete with WT REST for binding to DNA but would not silence its gene. Indeed, the recombinant virus replicated significantly better, yielded fewer latently infected neurons, and was more virulent than the WT virus (1) .
In this report, we focus on the properties of a recombinant virus (R111) carrying a human REST gene within a WT viral genome, as tested in a ganglionic organ culture model system (34) . In this model system, trigeminal ganglia are excised from mice inoculated by a corneal route 30 d earlier and are incubated intact in medium containing anti-NGF antibody. In WT virusinfected ganglia, the virus reactivates within 24 h after excision, which is well within the time frame of a single cycle of viral replication. The significant finding is that the R111 recombinant virus does not express any viral genes, except low levels of human REST, on incubation of excised ganglia in medium containing anti-NGF antibody. Viral genes are expressed if the ganglia are incubated in the same medium but also containing inhibitory concentrations of cycloheximide. More importantly, the results enable us to discern a short, less than 5-h interval in which the decision to reactivate is made. This interval follows excision of ganglia and precedes the activation phase during which viral gene products accumulate and LAT and miRNAs decrease.
Results
Experimental Design. All the studies described in this report are based on analyses of trigeminal ganglia immediately after excision from mice infected by the corneal route or maintained in organ cultures. In all experiments, the mice were administered 10 5 plaque-forming units per cornea by procedures approved by the institutional animal use committee. The administered viruses were the WT HSV-1(F) isolate or the recombinant virus R111 carrying within its WT genome the gene encoding human REST driven by the SV40 early promoter (1). As described elsewhere (34) , the trigeminal ganglia were incubated immediately after excision in medium containing anti-NGF antibody to accelerate reactivation or NGF and EGF to retard reactivation. All data points are geometrical mean averages from six randomized ganglia.
Pattern of Expression of WT and R111 Recombinant Viruses During the Establishment of Latency. In this series of experiments, trigeminal ganglia were excised on days 1, 3, 7, 14, and 30 after inoculation; extracted; and analyzed by means of quantitative (q) PCR or qRT-PCR with respect to viral DNA, mRNAs encoded by genes representative of the three major kinetic classes (α, β, and γ), LAT, and representative viral miRNAs (miR-H3, mir-H5, and miR-H6). The results were as follows.
Earlier studies have shown that following corneal inoculation, the virus is transported to the trigeminal ganglion in less than 24 h and that two parallel events take place. In some neurons, the virus establishes a latent, silent state. In other neurons, the virus replicates, and it is most likely that the virus in these neurons is transmitted and replicates in other ganglionic cells. The peak virus yields were detected between the third and 10th days after infection. The results obtained in the current study with HSV-1 (F) virus (Fig. 1A) are consistent with these results. Thus, HSV-1 (F) DNA reached peak levels between days 3 and 14 after infection. The peak rates of R111 DNA accumulation followed a similar pattern but were threefold lower than those of the WT parent. At the end of the 30-d interval from the time of inoculation, WT virus DNA declined nearly 10-fold from peak levels. R111 DNA levels were only twofold lower than those of the WT parent virus.
The patterns of viral mRNA ( Fig. 1 B-D) accumulation followed the patterns of accumulation of viral DNA with some exceptions. Thus, peak levels of viral mRNAs were detected primarily on days 3 and 7 after infection. The levels of R111 mRNA ranged from three-to 10-fold lower than those of WT virus at those times. On day 30, the levels of HSV-1(F) mRNAs decreased as much as 100-fold relative to the levels of mRNAs at peak levels (days 3-7). The levels of R111 mRNAs were within a twofold range lower than those observed in ganglia infected with WT virus.
The patterns of accumulation of LAT and miRNAs ( Fig. 1 E-H) were generally similar for each virus. In each case, the rates of accumulation of LAT and miRNAs were steepest between days 1 and 7. They continued to accumulate at a slower rate between days 7 and 30 in ganglia infected with WT virus but leveled off in ganglia infected with R111 recombinant virus. Overall, the levels of R111 LAT and miRNAs were at least 10-fold lower than those in ganglia infected with WT virus on day 7 and as much as 100-fold lower on day 30.
Trigeminal Ganglia Containing Latent R111 Mutant Virus Do Not Reactivate on Incubation in Medium Containing Anti-NGF Antibody.
In this series of experiments, excised ganglia from mice infected with the WT HSV-1(F) parent virus or the recombinant virus R111 were incubated in medium containing anti-NGF antibody. This medium was selected to accelerate the reactivation of latent virus. At the time of excision (0 h) and at 5, 11, 19, or 24 h after excision, the ganglia in groups of six were individually analyzed with respect to expression of viral genes, LAT, or select viral mRNAs. The results were as follows: i) As previously reported, HSV-1(F) mRNAs began to accumulate 5 h after excision and increased in amount by ∼50-to 100-fold by 24 h after excision ( 
R111 Viral Genes Are Expressed in Ganglia Incubated After Excision in
Medium Containing Anti-NGF Antibody and Cycloheximide. One hypothesis that could explain the results reported in the preceding section is that human REST expressed by the R111 recombinant virus repressed the expression of viral genes. A simple test of this hypothesis is to incubate the ganglia after excision in medium containing anti-NGF antibody and cycloheximide to block the synthesis of proteins, including the human REST expressed by the gene embedded in the recombinant virus. As shown in Fig. 3 , representatives of all kinetic classes of viral genes were expressed in medium containing anti-NGF and cycloheximide. The results of these studies indicate the following: (a) R111 recombinant is not reactivation-defective because it is able to reactivate in the presence of inhibitors of protein synthesis in the same manner as the WT parent virus, and (b) because the only significant difference in the WT and R111 viruses is the presence of the REST gene in the latter virus, the data suggest that expression of this gene blocks reactivation and that suppression of protein synthesis, including that of REST, enables reactivation.
Expression of Human REST in Trigeminal Ganglia of Mice Infected with the R111 Recombinant Virus. The experiments described above implicated the human REST gene embedded in the genome of a WT virus as a suppressor of reactivation of latent virus. It was of interest therefore to determine the pattern of expression of the human REST in the infected trigeminal ganglia. In these experiments, we used human REST-specific primers listed in Materials and Methods to measure by qRT-PCR the accumulation of REST mRNA during the 30-d interval after corneal inoculation and following excision. Specifically, in this series of experiments, trigeminal ganglia inoculated with R111 recombinant virus were excised at 1, 3, 7, 11, 14, and 30 d after corneal inoculation. In addition, on day 30, a set of ganglia samples was excised and incubated either in medium containing anti-NGF antibody or in medium containing both anti-NGF antibody and cycloheximide. The results shown in Fig. 4 were as follows. We detected very little human REST on day 1. The amounts of human REST increased 13-fold on day 3, increased 300-fold on day 7, and then decreased to a steady state of ∼10-fold higher levels on days 11 through 30. After excision and incubation, the levels of REST mRNA increased eightfold in the absence of cycloheximide and nearly 25-fold in the presence of cycloheximide. The results suggest that the pattern of expression of human REST in mice during the 30-d period after corneal inoculation is similar to the pattern of accumulation of R111 viral DNA and viral mRNAs as shown in Fig. 1 A-D . The key features of the results were the following: (i) In ganglionic organ culture, the levels of human REST increased eightfold in the absence of cycloheximide, and this increase was not matched by a similar increase in viral mRNAs (Fig. 2) , and (ii) in the presence of cycloheximide designed to block the synthesis of REST protein, both human REST and viral mRNAs increased in tandem (Figs. 2 and 4) .
Cycloheximide Blocks Dexamethasone-Dependent Activation of Latent
Virus and the Decrease in LAT and Viral miRNA. In studies published elsewhere, we showed that activation of viral genes representing all kinetic classes in ganglionic organ cultures does not require prior protein synthesis. In that experiment, excised ganglia were incubated in medium containing cycloheximide. In Fig. 3 , we show that viral genes are expressed in ganglia infected with R111 virus on incubation in medium containing cycloheximide. The results presented in Fig. 5 are designed to show that cycloheximide is not a universal activator of viral genes embedded in latent virus in ganglia. Specifically, we reported previously that dexamethasone activates viral gene expression concurrently with induction of apoptosis in trigeminal ganglia incubated after excision in medium containing NGF and EGF. In the experiment shown in Fig. 5 , trigeminal ganglia were excised and incubated in medium containing NGF plus EGF alone with dexamethasone or dexamethasone and cycloheximide, as described in the figure legend. The results show that dexamethasone induced a 50-to 100-fold increase in the accumulation of viral mRNAs (Fig. 5 A-D) and, concurrently, a 10-fold decrease in the accumulation of LAT and miRNAs (Fig. 5 E-H) . Addition of cycloheximide to the medium blocked both the increase in accumulation of viral mRNAs and the decrease in LAT and miRNAs. We conclude that (a) (Fig. 6 , columns 1 and 5) or were incubated in medium containing anti-NGF antibody (Fig. 6 , columns 2 and 6); in medium containing both NGF and EGF (Fig. 6,  columns 3 and 7) ; or in medium containing NGF, EGF, and trichostatin A (TSA; an HDAC inhibitor) (Fig. 6, columns 4 and 8) . The results were as follows.
Compared with day 30 (0 h), in ganglia maintained in medium containing anti-NGF antibody, there was a 50-to 70-fold increase in the amounts of viral mRNAs and a 10-fold decrease in LAT and miRNA levels at 24 h after excision (Fig. 6 , compare columns 1 and 4 with columns 2 and 5). There was no substantive increase in the levels of viral RNAs or decrease in LAT and miRNAs in medium containing NGF and EGF (Fig. 6 , compare columns 1 and 4 with columns 3 and 7, respectively). Finally, the levels of viral mRNAs increased, and there was a decrease in the amounts of LAT and miRNAs in trigeminal ganglia incubated in medium containing NGF, EGF, and TSA (Fig. 6 , compare columns 3 and 7 with columns 4 and 8). We conclude that the HDAC inhibitor TSA reactivated trigeminal ganglia incubated in medium containing NGF plus EGF.
In the second series of experiments, we tested the effect of TSA on reactivation of R111 recombinant virus from trigeminal ganglia excised 30 d after corneal inoculation. As noted above, incubation of trigeminal ganglia in medium containing anti-NGF antibody induces virus reactivation in trigeminal ganglia containing WT virus but not the R111 recombinant virus. To test the effects of TSA under the most favorable conditions, the experiment was 
Discussion
This report deals with a comparison of WT parent HSV-1 and the R111 recombinant virus in which the human REST gene, driven by the SV40 early promoter, was inserted into a neutral noninterfering site within a WT virus genome. The salient features of the results are as follows: i) Our studies have shown that WT HSV replicates in trigeminal ganglion organ cultures for at least 2 wk after corneal inoculation (34) . By day 30, the virus is silenced and present in a latent state only. The results of the studies presented here indicate that R111 DNA accumulates in ganglia at a rate threefold lower by day 7 and decreases to a level approximately twofold lower than that of WT viral DNA. The patterns of accumulation of α (ICP27), β [thymidine kinase (TK)], and γ (VP16) mRNAs of the two viruses are essentially similar. They decay more rapidly than viral DNA, and by day 30, they decline to a similar level. In contrast to viral DNA and RNA, the amounts of R111 LAT and mRNAs are 50-to 100-fold lower than those of WT parent virus. ii) R111 recombinant virus does not reactivate in infected ganglionic organ cultures. Reactivation was observed on cultivation of the ganglia in the presence of cycloheximide. Previously, we have shown that representatives of all kinetic classes of viral genes reactivate at once in the absence of prior protein synthesis by incubating the ganglia in medium containing cycloheximide (34) . In support of the conclusion that cycloheximide does not activate viral gene expression in a nonspecific manner, we show that induction of reactivation of latent WT virus by exposure of ganglia to dexamethasone can be blocked by incubation of the ganglia in medium containing cycloheximide. Interestingly, HDAC inhibitor that induces reactivation of WT virus failed to do so in organ cultures of ganglia harboring latent R111 recombinant virus. iii) Finally, human REST expressed by the R111 recombinant virus followed a pattern of accumulation similar to that of viral mRNAs during the first 30 d after corneal inoculations. In ganglionic organ cultures, human REST mRNA increased eightfold in the absence of cycloheximide and more than 20-fold in the presence of the drug. In contrast, as noted above, viral mRNA did not increase from its base level during incubation in the absence of the drug.
It is convenient to discuss the significance of the results of this and several related previous reports in the context of the fun- damental hypothesis of HSV latency. In brief, peripheral ganglia may be viewed as barriers to the spread of viruses via neurons from the peripheral tissues of the CNS. The hypothesis predicts that neurons, like other cells in the body, possess the innate immune mechanisms to respond to the presence of viruses in ways designed to block their replication (35) (36) (37) (38) . The hypothesis envisions that one such mechanism is the expression of HCLR repressor complex (3, 21, 22, 24, 25, (39) (40) (41) . Specifically, a stress response generated by virus entry recruits or activates REST to enable the assembly of the HCLR complex. Stress responses have been postulated to activate REST in neurons afflicted by Huntington disease (42) (43) (44) (45) . The second component of the hypothesis is that HSV takes advantage of the neuronal stress response to enter into a silent, latent state. To assist in the execution of this plan, HSV evolved a DNA sequence that allows itself to be suppressed in neurons and a mechanism to maintain an equilibrium between total suppression and potential to exit from the latent state. An oversimplification of the hypothesis is that if the stress is inadequate or thwarted by viral gene products, the virus multiplies. If the stress response is appropriate, the virus is committed to a latent state.
To apply available data as a test of the hypothesis, it is convenient for heuristic reasons to discuss establishment and reactivation separately and to divide the interval from entry into the cell to establishment of the latent state into two time segments, the prodromal phase and the commitment phase, as illustrated in the model presented in Fig. 8 . The results may be summarized as follows: i) Activation of the HCLR complex is one of the stress responses to infection. This conclusion is based on the observation that insertion of a dominant-negative REST into a WT viral genome driven by an SV40 early promoter blocks the establishment of latency and exhibits a level of virulence superior to that of the WT parent virus (1). Because REST has been reported to be present mainly in nonneuronal cells and rarely in neurons (21, (26) (27) (28) (29) , we may infer that it is either made de novo or translocated from satellite cells. The duration of the prodromal phase is unknown but is unlikely to be very long, because long-term expression of REST is likely to impair the viability of stressed neurons significantly. A short duration of the prodromal phase may also be inferred from the data presented in this report. As shown in Fig. 4 , REST mRNA decreased more than 30-fold between days 7 and 11 after inoculation of mice with the R111 recombinant virus. ii) During the commitment phase, the viral chromosome is converted into facultative chromatin (46) . The duration of this conversion is unclear, in large part, because viral replication in murine trigeminal ganglia reaches peak levels at 7 d after infection and continues for at least another week. Hence, infection of new neurons and commitments to latency could occur at any time during this interval. Several reports indicate that various factors are recruited to the viral genome in the course of the commitment phase (47) (48) (49) (50) (51) (52) (53) (54) . iii) Several potentially important questions arise from the observations that in ganglia harboring latent R111 recombinant virus at the end of the commitment phase (between 14 and 30 d after corneal inoculation), there was a less than twofold decrease in viral DNA but a 10-to 100-fold decrease in LAT and miRNAs relative to the levels detected in ganglia harboring WT virus. At early stages of R111 recombinant virus replication (3-14 d after infection), there was a threefold decrease in viral DNA accumulation and a three-to 10-fold decrease in the accumulation of viral mRNAs. These decreases could reflect a decrease in the number of cells in which the virus replicated, and perhaps an increase in the number of cells committed to latency. These differences were maintained or, in some cases (e.g., total viral DNA), reduced by day 30 after infection. It is more difficult to explain the large differences in the amounts of LAT and miRNAs in ganglia harboring the R111 mutant compared with those infected with the HSV-1(F) WT parent. It is noteworthy that the accumulations of LAT and miRNAs in ganglia infected with the R111 recombinant lag behind those in WT virus-infected neurons starting virtually from day 1 after infection ( Fig. 1 E-H) . These results suggest that the HCLR complex, enriched by the accumulation of human REST, repressed not only viral mRNAs but LAT and, by extension, miRNAs. The disparity between the levels of LAT and miRNAs and those of viral mRNAs may reflect the possibility that the repressive effects of the HCLR complex were not overcome even after the levels of human REST had decreased between days 7 and 30 after infection.
The second component of the data presented here concerns reactivation from the latent state. In the murine trigeminal ganglion organ culture model, the stimulus for reactivation is excision of the ganglion (34, 55) . Incubation in medium devoid of NGF accelerates reactivation, whereas incubation in medium containing NGF and EGF delays viral gene expression (34) . In medium containing antibody to NGF, viral gene expression can be detected after 5 h of incubation. Between 5 and 24 h after excision, mRNAs representative of all viral gene kinetic groups increase 100-fold in amount. Viral DNA also increases in amount, indicating that viral proteins are made. At the same time, viral LAT and miRNA concentrations decrease at least 10-fold (34) . It is convenient to define the initial phase lasting no more than 5 h as the preactivation phase and the remaining time interval as the activation phase.
The characteristics of the preactivation phase are as follows: (a) Preactivation does not require de novo protein synthesis because mRNA representative of all kinetic classes of viral genes is made and accumulates at identical rates in ganglionic organ cultures incubated in medium containing anti-NGF antibody and cycloheximide (34) , and (b) proapoptotic drugs accelerate the reactivation in ganglionic organ cultures maintained in medium containing NGF plus EGF (56) . As illustrated in Fig. 5 , protein synthesis is required during the preactivation phase to enable at least one proapoptotic drug, dexamethasone, to reactivate the virus in medium containing NGF and EGF.
The studies on the recombinant virus R111 suggest that the HCLR repressor complex does not play a role in the reactivation of HSV in sharp contrast to the role of the repressor complex in the establishment of latency. This conclusion is based largely on the observation that the R111 recombinant virus did not reactivate in ganglionic organ cultures incubated in medium containing anti-NGF antibody. In these ganglia, the amounts of human REST mRNA increased eightfold. The virus did reactivate in medium containing anti-NGF antibody and cycloheximide (Fig.  3) . In ganglia incubated in medium containing cycloheximide, human REST mRNA increased >30-fold. The results suggest that (a) inclusion of the REST gene did not alter the genomic structure, such that it could not reactivate because viral genes were expressed in the presence of cycloheximide, and (b) because the expression of REST was lower in the absence of cycloheximide, the data could be interpreted to indicate that REST repressed both viral genes and itself. Finally, in contrast to the events following entry of virus after retrograde transport from the periphery, the data suggest that reactivation does not trigger a stress response that leads to activation of REST.
In these and other published studies, HDAC inhibitors induced reactivation of WT virus (57) (58) (59) . The same concentration of HDAC inhibitor was ineffective in inducing the reactivation of R111 recombinant virus in ganglionic organ cultures maintained in medium containing anti-NGF antibody. These results suggest that the repressive effect of REST in ganglionic organ cultures primed for reactivation is not mediated by HDAC. Indeed, at its termini, REST binds numerous repressors that may act independent of HDACs.
Finally, throughout these studies, the simultaneous expression of representative genes of the various kinetic classes of HSV DNA was in sharp contrast to the ordered derepression of viral genes in productively infected cells following exposure to virus. A simple explanation of these observations is that in productively infected cells, the mission of the virus is to multiply to the highest possible titer to enable efficient transmission. Ordered delivery of viral proteins in specific amounts and with specific timing ensures optimal yields. In contrast, simultaneous expression of all viral genes during reactivation from latency is likely to minimize yield, but the mission of the virus is to assemble enough viruses to reach the portal of egress from the body (e.g., mouth, genitals) rather than to overwhelm the host with infectious virus.
Materials and Methods
Viruses. HSV-1(F) is a limited-passage prototype strain used in this laboratory (60) . The construction and properties of the recombinant virus R111 were described elsewhere (1) . In this recombinant virus, the gene encoding human REST was inserted between the genes encoding U L 3 and U L 4. The recombinant virus replicates to WT virus levels in all cell lines tested to date. All viruses were titered in Vero cells obtained originally from the American Type Culture Collection.
Murine Model of Virus Infection. Four-week-old inbred female CBA/J mice (Jackson Laboratories) received unrestricted access to food and water. All animal studies were done according to protocols approved by the Institutional Animal Care and Use Committee. Following light scarification of the cornea, 1 × 10 5 plaque-forming units of virus were applied in a drop-wise manner in a volume of 5 μL to each cornea of the mice. Trigeminal ganglia were excised on the indicated days and subjected to DNA replication and viral gene expressions assays.
Murine Model of Virus Reactivation. Trigeminal ganglia were removed 30 d after infection and incubated at 37°C, in medium 199V, plus 5% CO 2 , supplemented with 1 μg/mL anti-NGF antibody (Abcam) for 24 h. To block virus reactivation temporarily, trigeminal ganglia were incubated in medium containing 300 ng/mL NGF plus EGF (Invitrogen). The HDAC inhibitors TSA and dexamethasone were purchased from Sigma and dissolved in DMSO, with final applied concentrations of 400 nM and 50 μM, respectively.
DNA Copy Number Assays. Total DNA was extracted from murine trigeminal ganglia as reported previously (1) . The quantification of viral DNA copy numbers in trigeminal ganglia was performed by SYBR green real-time PCR technology (StepOnePlus system; Applied Biosystems) using viral TK gene primers and murine adipsin gene primers as an internal control (1).
RNA Isolation and Assays. RNAs depleted and enriched of small RNAs (<200 nt) were extracted by means of a mirVana miRNA isolation kit (Ambion) according to the manufacturer's instructions. RNA was transcribed as described previously (34) . Viral gene RNAs and miRNAs (mir-H3, mir-H5, and mir-H6) were quantified by Taqman qRT-PCR assays with respect to mRNA encoding the neuron-specific MAP2 gene. The sequences of primers and probes were reported elsewhere (34) . Expressions of human REST were quantified by SYBR green real-time PCR technology, with the following primers: forward, 5′ GGCACGGAAGGAGCAAGT 3′, and reverse, 5′ GGTGAGA-GATCCTCTGTGC 3′.
